Sub 50-nm-high BaTiO 3 epitaxial nanostructures were fabricated into well-ordered arrays on SrTiO 3 :Nb ͑001͒ single-crystal substrates using pulsed laser deposition through monolayer masks of monodisperse latex spheres ͑1 or 0.5 m͒ and postdeposition annealing. Imprint was investigated in nanostructures of various dimensions using piezoresponse force microscopy. Piezoresponse domain imaging revealed a preferential downward prepolarization state for the as-prepared nanostructures, and consistently piezoresponse hysteresis loops exhibited negative polarization offsets. The offsets are suggested to be due to locked nonswitchable domains in an interface near region with a thickness of 7-14 nm. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1703835͔
Sub 50-nm-high BaTiO 3 epitaxial nanostructures were fabricated into well-ordered arrays on SrTiO 3 :Nb ͑001͒ single-crystal substrates using pulsed laser deposition through monolayer masks of monodisperse latex spheres ͑1 or 0.5 m͒ and postdeposition annealing. Imprint was investigated in nanostructures of various dimensions using piezoresponse force microscopy. Piezoresponse domain imaging revealed a preferential downward prepolarization state for the as-prepared nanostructures, and consistently piezoresponse hysteresis loops exhibited negative polarization offsets. The offsets are suggested to be due to locked nonswitchable domains in an interface near region with a thickness of 7-14 nm. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1703835͔
The potential for applications in nonvolatile randomaccess memories 1 has stimulated great interest in the integration of ferroelectric thin films and nanostructures into microelectronic devices. Studies of size effects on ferroelectricity have been stimulated by both fundamental interest and technological importance. Theoretically, the depolarization field and the loss of long range cooperative driving forces can result in ferroelectricity becoming unstable below a critical size. For ultrahigh-density (ϳ1 Gbit) integration of ferroelectric memories, the investigation of size effects becomes increasingly important. [2] [3] [4] With size reduction, some interesting phenomena were found to occur. In mesoscopic epitaxial ferroelectric Pb(Zr,Ti)O 3 ͑PZT͒ structures, enhanced piezoresponse was observed with reduction of the lateral dimensions presumably due to reduced substrate clamping. 5, 6 Imprint is one of the major degradation problems in ferroelectric materials. It is characterized by a preferential polarization state and an asymmetry in polarization hysteresis loops. 7 The recent development of a local piezoresponse measurement technique 8 based on scanning force microscopy ͑SFM͒ has enabled nanoscale investigations of polarization switching in individual ferroelectric capacitors. Imprint was investigated in PZT mesoscopic structures, 9, 10 and was attributed to either electrical or mechanical reasons. BaTiO 3 is a prototypic ferroelectric oxide. In a previous work, 11 well-ordered arrays of BaTiO 3 nanostructures were prepared on SrTiO 3 single-crystal substrates using a technique based on pulsed laser deposition ͑PLD͒ through masks made of monolayers of latex spheres of 1 m diameter. Ferroelectricity in these nanostructures was proven by piezoresponse force microscopy ͑PFM͒. The ferroelectric-electrode interface can be expected to have a significant effect on the ferroelectric properties in structures of sub 100 nm thickness. In the present work, using sphere monolayer deposition masks and varying the PLD parameters, not only were the lateral dimensions scaled down to submicron range but also the height of the ferroelectric structures was reduced to well below 50 nm. In this letter, we report results of a study on polarization imprint in well-ordered arrays of BaTiO 3 nanostructures of sub 50 nm height on conductive ͑001͒ SrTiO 3 :Nb ͑0.5 wt%͒ single-crystal substrates.
The procedures for nanofabrication and PFM measurements were similar to those reported before.
11 Both 1 and 0.5 m latex sphere monolayers were used as deposition masks. Typically the as-prepared nanostructures have flat pyramidlike shapes. Using 1 m sphere masks, structures with about 44 nm height and 230 nm lateral dimension at half their height were obtained ͓Fig. 1͑a͔͒, whereas using 0.5 m sphere masks resulted in nanostructures about 26 nm high with around 160 nm lateral dimension ͓Fig. 1͑c͔͒. As shown in APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 15 12 APRIL 2004 tion through the stacking fault regions 11 of the sphere monolayers. To visualize the ferroelectric domain structure, a small ac voltage was applied to the individual nanostructures through a conductive SFM tip, and the generated mechanical displacement due to the converse piezoelectric effect was detected using the same SFM tip and analyzed by a lock-in amplifier. Dark contrast in the domain images ͓Figs. 1͑b͒ and 1͑d͔͒ corresponds to negative domains, i.e., downward polarization. Despite the noise, it was found that the ascrystallized nanostructures mainly exhibited a preferential downward pre-polarization.
As revealed by transmission electron microscopy ͑TEM͒ and selected area electron diffraction ͑SAED͒ of cross section samples, the crystallized BaTiO 3 nanopyramids are epitaxially grown on the SrTiO 3 (001) substrate, with the c axis of BaTiO 3 parallel to the substrate normal, corresponding to the following orientation relationship: Figure 2 shows a dark-field TEM image, obtained in a Philips CM20T electron microscope at a primary electron energy of 200 keV, after having mechanically prepared a cross section sample, and then having thinned the sample by a focused gallium ion beam in a focused ion beam equipment. The inset on the left shows the corresponding SAED pattern, which is well oriented with respect to the image. The 003 reflections of BaTiO 3 ͑BTO͒ and SrTiO 3 ͑STO͒ are clearly separated. The dark-field image was taken in the 001 reflections of both BaTiO 3 and SrTiO 3 , so that both the substrate and the nanoisland show up brightly. 12 The nanoisland in Fig. 2 had been prepared using a mask made of 1-m-diam latex spheres. Considering the actual size of this island in the figure, one has to take into account that the cross section has cut the island most probably along a noncentral plane.
Local piezoresponse hysteresis loops were acquired by positioning the SFM tip in the center of the nanostructures and measuring the piezoresponse signal as a function of dc bias voltage superimposed on the small ac imaging voltage. The piezoresponse hysteresis loops presented in Fig. 3 show clearly that ferroelectricity is retained in the BaTiO 3 nanostructures. Figures 3͑a͒ and 3͑b͒ were obtained in the structures with heights of 44 and 26 nm and lateral dimensions of 230 and 160 nm, respectively. The loop in Fig. 3͑c͒ was recorded from a larger structure (ϳ32 nm in height and 500 nmϫ500 nm in area͒. All the piezoresponse hysteresis loops were found to be shifted vertically towards negative values and the loops shrink along the d 33 axis with decreasing height. The positive and negative remnant d 33 values in the loops correspond to upward and downward polarization states, respectively. A vertical shrinking of the d 33 ϪV loops with the decrease of structure height shows the scaling of ferroelectricity with thickness. Negative offsets along the d 33 axis in the piezoresponse hysteresis loops are analogous to vertical asymmetry or polarization offsets in the polarization versus voltage hysteresis loops ͓as illustrated in Fig. 4͑a͔͒ and can be interpreted as a kind of imprint.
Studies in thin films indicate that imprint is mainly due to the internal space charge field resulting from trapped electronic charges near the ferroelectric-electrode interface. 7 Oxygen vacancy associated defect dipoles can enhance the charge trapping and therefore aggravate the imprint problem. It was suggested that pre-polarization in as-processed epitaxial (Pb,La)(Zr,Ti)O 3 thin-film capacitors 13 caused a large dependence of the imprint on the oxygen cooling pressure. In the present work, the preferential downward pre-polarization state and the corresponding imprint support the early suggestion that the initial polarization state can be a good indicator of the vulnerability of the ferroelectric structure to imprint. 13 Presumably imprint in the BaTiO 3 nanostructures results from domain locking near the ferroelectric-electrode interface, and the nanostructures are composed of switchable domains and nonswitchable domains locked at the interface, as schematically illustrated in Figs. 4͑b͒-4͑d͒ . Correspondingly, the polarization in the nanostructures is composed of a switchable polarization P F and a nonswitchable component P L . P L is due to interfacial domain locking. It gives rise to a polarization offset ͑shift along the polarization axis͒ in the P verus E hysteresis loops ͓Fig. 4͑a͔͒, or equivalently a vertical offset in the d 33 ϪV hysteresis loops ͑Fig. 3͒. The polarization offset P L is equal to ( P Ϫ Ϫ P ϩ )/2, where P ϩ and P Ϫ refer to upward and downward remnant polarization states, respectively. It should be noted that, in the macroscopic po- nanostructures. ͑a͒ Pyramid-shaped, 44 nm height and 230 nm lateral dimension at half its height, fabricated by using 1 m sphere masks; ͑b͒ pyramid-shaped, 26 nm height and 160 nm lateral dimension at half its height, made by using 0.5 m sphere masks; and ͑c͒ a larger structure obtained at the stacking fault regions in the 0.5 m sphere monolayer masks, 32 nm high with an area of 0.5 mϫ0.5 m.
larization hysteresis loop measurement, nonswitchable polarization is not shown as a shift along the polarization axis because only switchable polarization is detected in the direct measurement, and the locked polarization is rather revealed by a voltage shift due to the internal field associated with the interfacial trapped charges. In the converse piezoelectric measurement, however, nonswitchable polarization can be shown as a vertical shift in the d 33 ϪV hysteresis loops. Phenomenologically, piezoelectric strain in a singledomain ferroelectric with centrosymmetric paraelectric phase can be thought of as polarization-biased electrostriction, and the piezoelectric strain constant d 33 is proportional to the total polarization in the direction of applied electric field. Based on the remnant d 33 values and the offsets of the d 33 ϪV loops in Fig. 3 , the relative amplitude of P L and P F in the three differently sized and/or shaped nanostructures was estimated and is shown in Figs. 4͑b͒-4͑d͒ . Errors of the measurements are found to be within the range of Ϯ12% of the piezoresponse signals. Assuming that the polarization offset is solely caused by the interfacial domain locking, the thickness of the locked domains in the three investigated structures was estimated to be within the range of 7-14 nm.
Apart from interfacial charge trapping and oxygen vacancy associated defect dipoles, the mechanical strain conditions at the interface may also influence the polarization imprint. Polarization offsets were found in PZT thin films grown on YBa 2 Cu 3 O 7Ϫ␦ /SrTiO 3 (100) substrates and suggested to be due to nonswitching regions originating from lattice mismatch. 14 Recently imprint generated by mechanical stress was observed in micron-sized PZT capacitors 15 and attributed to the flexoelectric effect. Flexoelectric effect is the generation of electric polarization by an elastic strain gradient, and the effect in BaTiO 3 is expected to be fairly large. 16 For the current epitaxial BaTiO 3 /SrTiO 3 system, a strain gradient may result from the interfacial lattice mismatch due to asymmetric lattice distortion of the region near the interface. From high-resolution electron microscope ͑HREM͒ images ͑not shown͒ we learned that a regular network of misfit dislocations with Burgers vectors of type a͗110͘ is present at the BaTiO 3 /SrTiO 3 interface. Detailed HREM investigations are under way to see whether there indeed exists a structural transition layer at the bottom region of the BaTiO 3 nanostructures.
In summary, polarization and imprint were investigated in ordered arrays of sub 50-nm-high epitaxial ferroelectric BaTiO 3 nanostructures. It was observed that the as-prepared nanostructures had a preferential downward pre-polarization state. Piezoresponse hysteresis loops exhibited negative polarization offsets, which were shown to be due to domain locking at the nanostructure-substrate interface.
One of the authors ͑W.M.͒ is grateful to the Alexandervon-Humboldt Foundation for financial support. FIG. 4 . Mechanism for imprint in the BaTiO 3 ferroelectric nanostructures on Nb-doped SrTiO 3 ͑100͒. Scheme ͑a͒ shows the imprint represented by a polarization offset in the P-E hysteresis loop. ''O'' is the virtual center of the hysteresis loop, which is vertically shifted by P L . Schemes ͑b͒-͑d͒ ͑figures not to scale͒ illustrate three differently sized and/or shaped nanostructures and correspond to the d 33 ϪV loops in Figs. 3͑a͒-3͑c͒ , respectively. Relative amplitudes ͑arbitrary unit͒ of P F ͑switchable polarization͒ and P L ͑locked polarization͒ are marked beside the respective nanostructures.
